Introduction
The standard pterional approach was first established by Yaşargil, and various variations and skull base approaches have since been developed to treat various pathologies with safe neurosurgical procedures. The keyhole concept in neurosurgery was first advocated by Perneczky in Germany. The concept of keyhole neurosurgery is not to reduce the craniotomy size to as small as a "keyhole," rather to make the "minimum craniotomy" required to access deep intracranial pathologies at the end of the route. [1, 2] Standard craniotomy forms a "funnel-shaped surgical corridor" to reach intracranial pathologies [ Figure 1a ]. In contrast, keyhole mini-craniotomy forms a "reverse funnel-shaped surgical corridor" that provides adequate working space through a small bone window but limits the working angle [ Figure 1b ]. The limited working angle hinders the observation and manipulation so accurate pre-operative information is essential about the exact location and size of the mini-craniotomy to determine the precise trajectory. Pre-operative planning for keyhole surgery is mainly based on three-dimensional computed tomography angiography (3D-CTA). The author has developed a tailor-made method based on surgical simulation using 3D imaging of individual patients to allow safe performance of aneurysm clipping or tumor removal via computer simulation of the keyhole mini-craniotomy. [10] Briefly, after intra-venous injection of 50 mL iodinated contrast medium, the imaging data obtained using multi-detector row computer tomography are transferred to the workstation (Mimics, version 13.1, Materialise) to generate the 3D-CTA images. The 3D images reconstruct the skin, skull, cerebral arteries and veins, and the aneurysm or tumor. Various shapes and sizes of virtual mini-craniotomy are generated by computer graphics to optimize the visualization of the target through this "keyhole" [ Figure 3a and b]. The size, shape, and location of the planned keyhole, and the head position can be accurately determined by this virtual osteotomy technique [ Figure 3c and d]. [10] However, repair of the opened frontal sinus with pericranial flap is not possible after keyhole mini-craniotomy, so the planned site of the keyhole craniotomy should not overlap the frontal sinus.
Surgical procedures and nuances of the Perneczky method (supraorbital keyhole approach) and lateral supraorbital keyhole approach
The patient is positioned in the supine position. The degree of head rotation should be determined by the pre-operative 3D simulation as described above [ Figure 4a ]. Generally, a slightly chin-up position is preferable because of the gravityrelated self-retraction of the frontal lobe. The head is fixed with a Mayfield tri-pin holder. The landmark structures such as the orbit, supraorbital notch, superior temporal tine, orbito-zygomatic suture, and frontal sinus are marked on the face [ Figure 4b ]. The planned supraorbital mini-craniotomy is also marked on the face. Opening of the frontal sinus and supraorbital notch should be avoided. As mentioned above, cases with huge frontal sinus are contraindicated for the supraorbital keyhole approach because sinus repair with the pericranial patch is not possible. Generally, the eyebrow skin incision starts from the supra-orbital notch and extends to 5 mm lateral to the end of the scheduled mini-craniotomy (length is about 4.5 cm). The skin incision should be made along the relaxed skin tension line for the best cosmetic result. If the wrinkle over the eyebrow is deep, this fold can be used as the skin incision. The skin incision is extended more laterally for the lateral supraorbital keyhole. After the skin incision, the frontalis muscle is divided. The skin is retracted using fish hooks with rubber bands. The temporal fascia is incised for about 15 mm along the superior temporal line to the orbito-zygomatic process, and the temporal muscle is subperiosteally dissected around the McCarty point [ Figure 5a ]. The temporal muscle is retracted posteriorly using fish hooks [ Figure 5b ]. Supraorbital keyhole surgery requires skin and muscle retraction toward the postero-inferior direction. Therefore, the wrap should be tightly hooked to the metal bar around the head. After the frontal bone over the orbital rim and McCarty point is exposed, a burr hole is made at the McCarty point and the supraorbital mini-craniotomy (about 25 × 20 mm) is made using a surgical saw. The mini-craniotomy for the lateral supraorbital keyhole is extended laterally up to the sphenoid ridge using a high-speed drill (about 30 × 20 mm) [ Figure 5c ]. The frontal base dura mater is dissected up to the level of the planum sphenoidale, and the bony ridge over the orbit (Juga) is drilled away using a high-speed drill to flatten the frontal base. This maneuver improves the operative view through the subfrontal approach and does not require additional orbital rim removal. The dura mater is incised in a curvilinear fashion and reflected toward the orbital side [ Figure 5d ]. Under the operating microscope, the arachnoid membrane over the frontal base near the sylvian fissure is incised using a micro-blade and the cerebrospinal fluid (CSF) is aspirated. Once the brain becomes slack, a tapered spatula is advanced 5-10 mm toward the chiasmatic cistern. Then the arachnoid membrane ahead of the spatula tip is again incised and CSF is carefully aspirated, and the spatula is further advanced little by little (creeping technique). Brain retraction by the spatula is limited to within 10 mm over the frontal base. These procedures are repeated until the chiasmatic area is developed, so this technique can avoid brain contusion. The chiasmatic cistern is opened, and massive CSF is aspirated until the brain becomes slack enough. The medial sylvian fissure is opened in an antegrade fashion. The internal carotid artery (ICA), A1 the A1 portion of the anterior cerebral artery, and proximal M1 are exposed. These keyhole approaches are basically the subfrontal route, and opening of the medial sylvian fissure provides the relatively wide operative view around the prechiasmatic area to the parasellar region. After aneurysm clipping or tumor removal, arachnoid plasty is performed using fibrin-glue soaked Surgicel sheet to seal the opened arachnoid membrane as far as possible to reduce post-operative subdural fluid collection. The dura mater is closed in watertight fashion. In our institution, the bony defect is sealed with a single pterion titanium plate. The frontalis muscle is closed using 4-0 vicryl suture, the subcutaneous tissue is closed using 5-0 polydioxanone absorbable suture (PDS ® , Ethicon, Inc.), and the skin is closed with either 6-0 nylon suture or derma-bond. No drain is placed. The operating microscope and the endoscope are generally used for observation of the target pathologies and confirmation of complete clipping. Trans-cranial muscle evoked potential (MEP) monitoring is used for monitoring the safety of aneurysm clipping procedures.
Representative cases Case 1: A-com A aneurysm
A 5 1 -y e a r-o l d w o m a n h a d s u f f e re d f ro m m i l d headache. Magnetic resonance (MR) angiography revealed a small anterior communication artery aneurysm. The patient was referred to our institution. Pre-operative planning simulation with 3D-CTA determined the size and location of the optimum lateral supraorbital keyhole and head positioning. Based on this decision, the head was fixed with a Mayfield tri-pin holder [ Figure 4 ]. The landmark structures and the scheduled keyhole were marked on the face [ Figure 4 ]. The eyebrow skin incision was made and the temporal fascia was detached along the superior temporal line to the orbito-zygomatic process, and then the temporal muscle was dissected and retracted posteriorly [ Figure 5a and b]. The supraorbital keyhole was made and extended to the lateral sphenoid ridge [ Figure 5c ]. The frontal base was flattened epidurally using a high-speed drill. The dura was opened in a curvilinear fashion [ Figure 5d ]. The subfrontal route was chosen using the creeping technique. CSF was aspirated after opening the carotid cistern, the medial sylvian fissure was opened, and the ICA, M1, and A1 were exposed. The rectal gyrus was subpially aspirated and the A-com A aneurysm complex was exposed [ Figure 6a ]. After a temporary clip was placed on the ipsilateral A1, neck clipping was performed [ Figure 6b ]. After dural closure, the bony defect was sealed with a pterion plate and the wound was closed as described above. The patient was discharged on the third post-operative day without any neurological deficits.
Case 2: Planum sphenoidale meningioma
A 78-year-old women suffered from dizziness. MR imaging showed a small planum sphenoidale meningioma. MR imaging demonstrated the planum sphenoidale meningioma before and after surgery as shown in Figure 7 . The size and optimum location of the scheduled keyhole were determined using 3D-CTA simulation [ Figure 8 ]. The eyebrow skin incision and lateral supraorbital keyhole were made [ Figure 9a and b]. The
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Vol. 9, Issue 1, January-March 2014 subfrontal approach was performed and the carotid cistern was opened. Massive CSF was aspirated and the brain became slack. The medial sylvian fissure was opened and the frontal lobe was gently elevated. The tumor was exposed [ Figure 9c ]. The tumor attachment on the planum sphenoidale was coagulated and detached. The tumor was debulked and detached from the surrounding brain structures in an epi-arachnoid fashion. The tumor was completely resected [ Figure 9d ]. After dural closure, the bony defect was fixed with a single pterion titanium plate [ Figure 10a ]. The wound was closed as described above [ Figure 10b ]. The patient was discharged on the fifth post-operative day without any sequelae.
Surgical results of keyhole clipping surgery
A total of 220 consecutive keyhole clipping surgeries for 230 unruptured cerebral aneurysms were performed in 210 patients, 143 women and 67 men aged from 34 years to 79 years (mean ± standard deviation: 62.3 ± 8.9 years), in the Juntendo University Shizuoka Hospital from June 2007 to December 2011. All operations were performed by the author (K.M.) The 128 cases of middle cerebral artery aneurysm were clipped via pterional keyhole surgery, the 53 cases of the A-com A aneurysm were clipped via lateral supraorbital keyhole surgery, and the 39 cases of the ICA aneurysm were clipped via supraorbital keyhole surgery. The size of the aneurysm, size of the keyhole, operation time, and post-operative hospitalization days are shown in Table 1 . The surgical results are described in Table 2 . Neck remnant persisted in 3 cases, and one case was clipped through the standard pterional approach later. None of the cases required change to the standard craniotomy during the scheduled keyhole surgeries. The mortality was 0% and the morbidity was 0.9%. Post-operative CT/MR imaging showed six cases of lacunar infarction (2.7%), but neither brain contusion nor hemorrhagic complication occurred. Most of the patients (91%) were discharged within 3 days after the surgery. 
Discussion
Comparison with pterional approach and indications for the lateral supraorbital keyhole approach
The standard pterional approach via fronto-temporal craniotomy has been a major technique in the treatment of intracranial pathologies, but the introduction of modern neuroimaging technologies, endoscopic assistance, surgical techniques, and other developments have encouraged the adoption of less invasive techniques including the keyhole approaches for a subset of patients. The intracranial keyhole approaches are innovative techniques to minimize approach-related injuries in the skull and soft tissues including the temporal muscle. The concept of keyhole neurosurgery is to access deep intracranial lesions through the minimum craniotomy. The spatial relationship between the small cranial window and the relatively wide operative field provides a reverse funnel-shaped surgical corridor [ Figure 1 ]. This special corridor provides a wide operative field but limits the working angle. [11] This limited working angle is generally the one of the major disadvantages of keyhole strategies and limits the directions for observation and manipulation of the target pathologies. Compared with the pterional approach, the lateral supraorbital approach offers equivalent access to the A-com A complex and sellar to parasellar regions, but less access to the retrosellar area. [11] The lateral supraorbital keyhole approach provides a more median trajectory than the pterional approach with a lateral trajectory. [12] 3D skull modeling with artificial cerebral arteries can show the operative view from the lateral supraorbital keyhole [ Figure 11 ]. The lateral supraorbital
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Vol. 9, Issue 1, January-March 2014 keyhole approach provides a good operative view from the planum sphenoidale to the A-com A complex [ Figure 11a ] and the parasellar region [ Figure 11b ]. However, the middle fossa under the sphenoid ridge and the anterior part of the frontal fossa (olfactory groove area) are obscured from the operative view. Therefore, it is reasonable to avoid tumor removal in these locations unless using "pull-surgery." Understanding the limitations of the operative field and the reduced working angle in keyhole surgeries including the lateral supraorbital approach is extremely important to determine the appropriate surgical indications for safe procedures. In our institution, we limit use of the lateral supraorbital keyhole approach to relatively small and anteriorly projecting unruptured A-com A aneurysm, laterally projecting ICA aneurysm, and small parasellar to presellar tumors. Although the lateral supraorbital keyhole approach has been recommended to remove olfactory groove meningioma by experts with this approach, [13] we would rather select the classical approaches to treat tumors in the midline of the anterior part of the frontal fossa. Middle cerebral artery aneurysm should be treated by pterional or sphenoid ridge keyhole approaches because of the location in the lateral sylvian fissure. [8, 14] Use of the endoscope Keyhole surgery requires neuro-endoscopic assistance for safe procedures. [3, 6, 15] However, the endoscopic view is two-dimensional and the author uses the operating microscope as the main tool to manipulate the pathologies and the endoscope is used only for observation. In our institution, we have also introduced trans-cranial MEP monitoring and indocyanine green video-angiography during surgery to avoid surgical complications in addition to the pre-operative simulation using 3D-CTA.
Cosmetic issues
Most keyhole approaches can avoid scalp hair shaving but the skin incision on the face is the major disadvantage of this procedure. However, meticulous and multiple layered wound closure of the eyebrow skin incision promises satisfactory cosmetic results by a few months after the operation as long as the wound is made along the relaxed skin tension line or wrinkle. The supraorbital keyhole approach requires only partial dissection of the temporal muscle but may still cause the formation of dimpling behind the superior temporal line (anterior temporal hollow) due to local temporal muscle atrophy. Such post-operative temporal halo formation can be avoided using a convex-shaped titanium pterion plate that compensates for any temporal muscle atrophy. [9] Comparison with other variants of supraorbital keyhole approaches
Other variants of the lateral supraorbital keyhole are the orbitofrontozygomatic or transorbital keyhole approaches that include removal of the orbital bar with the anterior part of the orbital roof. [16] [17] [18] [19] These approaches combine supraorbital minicraniotomy with removal of the frontal orbital bar with orbital roof to facilitate better access to intradural lesions. We do not remove either the orbital bar or orbital roof, instead we completely drill away any bony prominences on the orbital roof to flatten the surgical corridor in the base of the anterior cranial fossa. [9, 20] The author does not recommend removal of orbital bony structures. Complicated pathologies that require the orbital or zygomatic bone removal should not be indicated for the keyhole approaches.
Conclusions
The disadvantage of the keyhole approach is the limited working angle that hinders the observation and manipulation of the targets from various directions. The use of appropriate keyhole mini-craniotomy combined with careful pre-operative planning to select the surgical trajectory, intraoperative endoscopic assistance, and monitoring systems can avoid the disadvantages associated with standard craniotomy. [21, 22] However, we should remember that although keyhole mini-craniotomy surgery is intended to achieve "minimally invasive neurosurgery," these procedures carry the risks of malpractice if the neurosurgeon does not understand the advantages and disadvantages of these keyhole concepts and strategies.
